Introduction
In vivo, extracellular calcium homeostasis is under the control of three major hormones: PTH, calcitonin, and 1,25(OH)2D, the hormone of the vitamin D (D)' endocrine system. Collectively these hormones interplay to maintain normal extracellular ionized calcium (Ca2+) concentrations within the very narrow range of 1. 15-1.35 mM. Circulating Ca2' below 1.15 mM (hypocalcemia) or above 1.35 mM (hypercalcemia) is sensed as abnormal and rapidly triggers reactive responses by the calcium regulating hormones leading to physiological adaptations in organs (intestine, kidney, bone) involved in the maintenance of calcium homeostasis. Moreover, chronic hypoor hypercalcemia has been shown to lead to cellular defects in many tissues or organs. However, the mechanisms involved and the role played by the abnormal circulating calcium concentrations in the cellular pathophysiology of these defects have not yet been clearly identified.
At the cellular level, the response to many hormones and xenobiotics is transduced by changes in cytosolic calcium concentrations ([Ca2+]i) which first involves mobilization of intracellular pools but which is also often associated with entry of extracellular Ca2+ through plasma membrane channels (1, 2) . Owing to the large in vivo concentration gradient between extra-and intracellular Ca2" (-10,000:1), it is generally recognized, however, that the prevailing extracellular Ca2" does not significantly affect [Ca2+]i. Nevertheless, the observation that D deficiency and/or hypocalcemia is linked with several disease states involving inadequate cellular responses prompted us to postulate that the prevailing circulating calcium might have a significant bearing on cellular events associated with signal transduction most particularly that associated with the calcium messenger system.
The aim ofthe present studies was, therefore, to investigate ifthe in vivo calcium status can significantly affect intracellular calcium homeostasis. This goal was achieved by studying the consequence of hypocalcemia on [Ca2i] in rat hepatocytes, a cell type known to be responsive to several agents acting through the calcium signaling pathway but having also the ad-vantage of not being a direct target cell for the calcium regulating hormones. Using a model of chronic hypocalcemia secondary to D deficiency, we now report that both resting and stimulated [Ca2+] i are sensitive to the endocrine calcium status as revealed by probing short-term primary culture of hepatocytes isolated from livers of rats either (a) depleted in D thus presenting associated hypocalcemia, (b) repleted in D3 in order to normalize the D endocrine status and hence calcium homeostasis, or (c) from normal control rats.
Methods

Animals
To evaluate the influence of the circulating Ca2" on [Ca2+]i, animals were subjected to a functional calcium deprivation through D depletion as previously described (3) . Briefly, nursing female Sprague-Dawley rats were fed a D-deficient diet starting at day 7 after parturition. At weaning, male rats were fed a D-deficient diet containing 0.9% elemental calcium (4) for 6-7 wk before being assigned to placebo or to D3 repletion through intraperitoneal osmotic minipumps (Alza Corp., Palo Alto, CA) delivering D3 at 6.5 nmol/24 h X 7 d. At the time of minipump implantation, a loading dose of 13 nmol D3 was administered to accelerate the establishment ofsteady state conditions. D3-supplemented rats were given a 0.5% calcium gluconate solution as drinking water, whereas D-depleted animals received demineralized water. In addition to the two groups mentioned above, experiments were also carried out in normal rats fed a regular rat laboratory diet and regular tap water. All protocols were carried out in accordance with the standards ofethics for animal experimentation ofthe Canadian Council on Animal Care and were approved by the local animal ethics committee.
Concentrations of Ca2" in blood, and in culture and experimental solutions were measured with a ICA2 ionized calcium analyzer (Radiometer, Copenhagen, Denmark).
Isolation and primary culture ofhepatocytes
Hepatocytes were obtained from livers of nonfasting rats as previously described (5) . The freshly isolated cells were then suspended in Krebs' buffer containing 1% albumin, 0.5 mM glucose, sequentially filtered on 250and 74-Mm filters, and centrifuged at 250 rpm for 3 min. The hepatocyte pellet was suspended as described above, and finally washed in culture medium taking care that extracellular Ca2" ([Ca2"]J) concentrations be as close as possible to that observed in vivo in eachanimal. Cell viability was evaluated by the Trypan blue exclusion test. Cell yield and viability were found to be identical in preparations from normal and D-deficient animals.
Intracellular calcium homeostasis
Resting and stimulated calcium measurement. Hepatocytes showing viability 90% were plated at a density of 3.5-5 X 105 cells/ml onto collagen-coated coverslips (no. 1 circle, 22 mm diam) in Williams E medium containing 25 mM bicarbonate, 1% BSA, and the appropriate [Ca2" ]. for each experimental condition at pH 7.4, 37°C in 5% CO2 atmosphere. After incubation for 60 min, cells were loaded for 30 min at 20°C with the fluorescent probe Fura-2 AM (2.5-3 MM) (Molecular Probes, Inc., Eugene, OR) in bicarbonate-free Williams E medium supplemented with 2.5% FBS and 1% BSA. Dye-loaded cells were then transferred onto the stage of an inverted microscope (Nikon Diaphot, Nikon Corp., Tokyo, Japan) equipped for epifluorescence measurement. Coverslips formed the bottom of a specially designed plastic chamber (100 Ml) which was perfused with a 370C Krebs-Henseleit solution equilibrated with OJC02 (95:5, vol:vol). Hepatocytes isolated from the different rat populations were found to adhere equally well to the collagen-coated coverslips and displayed identical gross morphological features in bright-field or phase-contrast microscopy. [Ca2J]i measurements were performed in hepatocyte couplets rather than in single cells because they provide a model where epithelial cell polarity is maintained and ion movements are tightly coupled (6) .
Fluorescence signals from hepatocyte couplets were obtained with a SPEX model CM IT 11I dual-excitation spectrofluorometer (Rayonics Scientific Inc., Saint-Laurent, Quebec). Excitation wavelengths were 350 and 380 nm, and fluorescence emission was measured at 505 nm every 2 s. To take into account the cellular microenvironment of the hepatocyte preparations, intracellular dye calibration was always performed in situ at the end of an experiment by perfusion of ionomycin (10 AM) in a solutioncontaining 4 mM EGTA (R.,), or 4 mM CaCI2 (R.). After correction for sample autofluorescence, signal ratios (F35,,F380) were transformed into [Ca2+]i (7) , using the software supplied by SPEX. Autofluorescence, intracellular dye spectra and loading capacities were found to be equivalent in all groups, as illustrated in Fig. 1 . The average signal-to-noise ratios measured at the isobestic point of 360 nm (8) were 9.92, 9.46, and 9.54 in hepatocytes ofD-deficient, D3-repleted, and normal rat livers, respectively. The presence of nonhydrolyzed dye was periodically verified by quenching with 2 mM MnCI2 and found to be negligible when compared to autofluorescence.
[Ca2J]i was measured in hepatocytes during resting conditions. In addition, studies were performed in order to investigate the possible consequences of hypocalcemia on agonist-mediated [Ca2+]i responses.
Thus, hepatocytes were stimulated either with the calcium mobilizing agent phenylephrine, an a1-adrenoreceptor agonist, or with EGF, a growth factor known to ilicit increases in [Ca2+]i. Hepatocytes were perfused with phenylephrine or EGF (Sigma Chemical Co, St. Louis, MO) at 370C in OJCO2 equilibrated Krebs-Henseleit buffer at saturating concentrations of 8 MM or 8.2 nM, respectively.
Resting Ca" ATPase. To evaluate the activity of the cytosolic calcium pump, liver plasma membrane vesicles were prepared from frozen livers obtained from hypoor normocalcemic rats according to Prpic et al. (9) . The ATP-dependent Ca2+ transport activity was measured as previously described by Jouneaux et al. (10) .
Agonist-stimulated calcium (Mn2+) entry. In an attempt to elucidate the importance of extracellular Ca2+ ions in the [Ca2+]j response to agonists in extracellular conditions compatible with states of hypoor normocalcemia in vivo, 500MM Mn was added to the perfusion buffer of Fura-2 AM-loaded hepatocytes obtained from hypo-andnormocalcemic rat livers. The Mn2+-mediated fluorescence quenching of the Fura-2 signal was then monitored at the excitation wavelengths of 334 and 360 nm. The simultaneous and parallel loss of fluorescence observed at 334 and 360 nm was taken as an indicator of Mn2+ entry through receptor-operated, voltage-independent Ca2+ channel as already reported (2) .
The cellular entry of Mn2+ mediated by 8MM phenylephrine, or 50 nM EGF application was evaluated by calculating the slopes induced 340 360 WAVELENGTH (on) Figure 1 . Representative autofluorescence, and dye spectra of Fura-2 AM-loaded hepatocytes obtained from D-deficient, D3-repleted, or normal rat livers maintained in vitro in extracellular calcium concentrations similar to those observed in vivo. All dye calibrations were performed in situ.
by the loss of the fluorescence signal secondary to Mn2" binding to the Fura-2 probe.
Cellular responses
Phosphorylase a activity. Phosphorylase a activity, a calcium-dependent enzyme, was measured in order to gain insight into the functional response to phenylephrine in hypo-and normocalcemic conditions. Freshly isolated hepatocytes were diluted in Krebs-Henseleit buffer at a final density of 9x 106 cells/ml, and kept in extracellular Ca2" concentration similar to that observed in vivo. Suspended hepatocytes were incubated for 2 min either without agonist or in the presence of 8 jsM phenylephrine. They were subsequently frozen in liquid nitrogen until ready for enzyme determination. Phosphorylase a activity was measured at 300 C for 40 min as already described (I 1), and the reaction stopped with 10% TCA. Precipitated proteins were sedimented by centrifugation, and inorganic phosphate measured in the supernatant by the method of Fiske and Subbarow (12) . One unit of phosphorylase a represents 1 Mmol of inorganic phosphate produced per minute/106 hepatocytes. DNA synthesis. The biological response to EGF was investigated by measuring its mitogenic potential in primary culture of hepatocytes obtained from hypocalcemic D-deficient or from normal rat livers. The freshly isolated hepatocytes were resuspended in Williams E medium at an ionized calcium concentration of either 0. Mg/cm2 fibronectin (Sigma Chemical Co.), at a cell density of 2.5 x I0O per dish. Cells were incubated at 37°C under COJair (5:95, vol/vol). After 3 h, the medium was changed to fresh Williams E medium containing 5 ng/liter insulin, 0.25 MM pyruvate, 100 U/liter penicillin, and 100 ug/ml streptomycin. Cells were stimulated with EGF at a concentration of 50 ng/ml.
[3H]thymidine incorporation in relation to cell protein was used to evaluate DNA synthesis. 24 h after plating, 1 MCi/ml [methyl-3H]thymidine (ICN Canada, spec act, 70-90 Ci/mmol) was added to fresh medium. DNA was precipitated 24 h later for the determination of [3H]thymidine incorporation according to Marceau et al. (13) . Protein concentration was measured as described by Bradford (14) using crystalline BSA as standard. Serum electrolytes, vitamin D metabolites, and hepatic enzymes in similarly treated animals have been reported previously and indicate that liver functions are normal in these animals, whereas serum 25-hydroxyvitamin D (25(OH)D) are at or near undetectable levels and 1 ,25(OH)2D concentrations significantly decreased (3, 16, 17) . This animal model is regularly used as an experimental paradigm for human vitamin D deficiency and calcium deprivation (18) (19) (20) cient rats, and 433.6±27.6 nM (+71±11%, P <0.0003) in those obtained from normal rats (NS). In several cases (-50%), chronic hypocalcemia modified the patternof response to phenylephrine whereby [Ca2+]i rapidly decayed after an initial peak as opposed to a consistantly sustained elevation observed in cells from normocalcemic animals ( Fig. 4 ). (+67±12% over paired basal values, P < 0.0001) as compared to 605.2±89.9 nM (+ 120±26%, P < 0.006) in hepatocytes obtained from normal rat livers (P < 0.0001) where a sustained response was also observed during the course of EGF stimulation as illustrated in Fig. 6 .
The data obtained on the evaluation of Ca2`entry using Mn2' as indicator are presented in Fig. 7 and in Table II . As illustrated in the representative traces ( Fig. 7) , extracellular Ca2+ influenced the entry ofMn2+ into hepatocytes after stimulation by both phenylephrine and EGF as indicated by the Mn2+-mediated fluorescence quenching of the Fura-2 signal. Calculation of the slopes of the decay in the Fura-2 fluorescence signal after phenylephrine or EGF exposure (Table II) shows that for both agonists Mn2+ entry was significantly de- mocalcemic rats is presented in Fig. 8 . As illustrated, no significant difference in the cytoplasmic Ca2' ATPase was observed between the two groups with Km values of 7.20±6.53 and 15.33±4.51 nM while Bm. was estimated at 1.55±0.39 and 1.88±0.18 nmol 45Ca per 30 s/mg protein after normal and hypocalcemic conditioning, respectively. The basal and phenylephrine-stimulated phosphorylase a activities are presented in Table III . As indicated, resting phosphorylase a activity was similar in hepatocytes obtained from normo-and hypocalcemic rat livers. Phenylephrine increased enzyme activity in both groups by 0.45±0.09 (P < 0.042) and 0.55±0.05 (P < 0.009) ,mol Pi/min per 106 hepatocytes in the hypoand normocalcemic group, respectively, thus indicating similar stimulation of phosphorylase a activity above baseline in response to phenylephrine.
The biological response to EGF was measured by its capacity to stimulate DNA synthesis and is presented in Table IV . Hypocalcemia significantly impaired EGF-induced DNA synthesis as evidenced by a 50% decrease in [3H]thymidine incorporation compared to the response observed in hepatocytes obtained from normocalcemic animals (P < 0.03).
Discussion
The data obtained during the present studies show, for the first time, that long-lasting hypocalcemia secondary to D deficiency can lead to a significant lowering of resting [Ca2+]i in rat hepatocytes maintained in vitro in extracellular Ca2+ concentrations similar to those observed in vivo. Correction of hypocal-cemia by repletion with D3 (leading to normal circulating D3 metabolites as already reported [3] ) contributes in normalizing both the circulating calcium and the [Ca2+]i to a level similar to that observed in normal rats. These data clearly illustrate that despite the large concentration gradient between extra-(millimolar range) and intracellular (nanomolar range) Ca2", a physiologically relevant lowering ofextracellular Ca2" concentration in vivo has indeed a significant impact on resting [Ca2+]i. Although surprising, others have, in fact, reported a Km for extracellular Ca2" as high as 10 mM for the plasma membrane Ca2" pump (trans activity) (22) , which suggests that, in the hypoto normocalcemic range, substantial changes in the kinetics of Ca2+ movement can be expected. Interestingly, in vitro varia- Ca2" transport has been investigated. Our data indicate that the cis-affinity of the Ca2" ATPase is in the order of 1-2 nM in hepatic membranes obtained from both normal and hypocalcemic rats, a value entirely comparable to that reported previously (23) . The Ca2" ATPase capacity ofthese membranes waE also found to be unchanged by chronic hypocalcemia.
These observations indicate that the cytoplasmic Ca2" pump remains unchanged by hypocalcemia and cannot, therefore, be identified as responsible for the lower than normal resting
[Ca2+]i in D-deficient, hypocalcemic animals. The state of the intracellular calcium pools and their involvment in the resting cytoplasmic Ca2+ concentration is not presently known and further studies will certainly have to address these questions Hepatocytes were isolated from hypo-or normocalcemic rat livers and maintained for one hour in primary culture containing [Ca2"], similar to that observed in vivo. The Fura-2 fluorescence quenching by Mn2" was obtained as mentioned in Fig. 7 . Data represent mean±SEM, and were obtained in hepatocytes isolated from three animals. Statistically significant differences between group means were evaluated by the Student's t test for each agonist studied. Ca2" into the cellular compartment (24) .
The respective role of D deficiency and of its induced functional calcium deprivation in the observed lowering of resting and agonist-stimulated [Ca2+]i have not been addressed during the present studies. Indeed, the aim of our studies was to carefully evaluate in vitro the cellular consequences of the prevailing in vivo ionized calcium on the hepatocyte [Ca2+]i taking great care not to disturb the extracellular steady-state Ca2' environment. It is postulated that most likely both the D and the calcium status contribute in maintaining the [Ca2+]i homeostasis in vivo. Indeed, the D endocrine system, acting through specific genomic actions, or through effects on calcium homeostasis, may be partly responsible for the observed effect on [Ca2+]i as 1,25(OH)2D3 has been reported to influence basal [Ca2+]i in vitro in the HL-60 cell line (25) and to stimulate calcium mobilization in several cell types (26) (27) (28) (29) (30) . At the membrane level, the D endocrine system is also known to influence membrane fluidity (31) , phospholipid composition (32), phosphoinositide turnover (26), several protein kinases (26, 33, 34) , as well as the transcription of the inositol trisphosphate receptor gene (35) , all of which may influence cellular calcium metabolism and the transduction of signals linked to Ca2+ mobilization. On the other hand, in other cell types, extracellular Ca2' alone can influence [Ca2+]i as exemplified in keratinocytes where [Ca2+]i has been shown to be sensitive in vitro to small changes in extracellular calcium concentrations (36) , and to be influenced by the state of differentiation of the cells (37) . Moreover, extracellular calcium, independantly of the D status, has also been reported to influence liver EGF receptor density and autophosphorylation indicating that the observed perturbed [Ca2+]i response to EGF stimulation may be partly 2164 Gascon-Barre et al. arises, however, as to the impact of calcium deficiency on the integrity of the many calcium dependent metabolic pathways, the cell secretory apparatus as well as the full integrity of the receptor-operated cell responses which are mediated through the calcium signaling cascade. The data obtained during the present studies may contribute to explain some of these observations by clearly showing that chronic hypocalcemia of D deficiency leads to abnormal responses in the intensity as well as in the pattern of the [Ca2+]i movements after stimulation with both EGF, and the a1-adrenergicreceptor agonist phenylephrine. Recent studies have, indeed, shown that hypocalcemia of D deficiency perturbs compensatory hepatic growth in vivo after two-thirds partial hepatectomy (3) while the present studies indicate that the EGF-mediated rise in [Ca2] i as well as in DNA synthesis are greatly dampened in vitro by the in vivo hypocalcemic status. These observations reinforce the contention that several key pathways linked to intracellular calcium homeostasis may be perturbed by chronic hypocalcemia. Indeed, EGF is known to act through autophosphorylation of its membrane receptor (39) subsequently leading to changes in intracellular calcium fluxes partly through activation of phospholypase Cy (40, 41) but also via the participation ofextracellular calcium (42) . Phenylephrine, on the other hand, is a classical calcium mobilizing agent acting through receptor mediated phosphatidyl inositol phosphate turnover and intracellular calcium mobilization via the IP3 responsive domains ofthe endoplasmic reticulum (43) . Our data using Mn2" as a Ca2+ surrogate suggest that [Ca2"] in the hypocalcemic range is associated with a decrease in extracellular Ca2" contribution to the [Ca2+]i response following both phenylephrine and EGF application. Collectively, these observations indicate that chronic hypocalcemia is associated not only with a lowering ofresting [Ca2+]i but also with changes in cellular responses linked to signals needing the calcium transduction system for full activation as exemplified by the response to EGF (40, 44) and phenylephrine (45, 46) . Contrary to the hepatocyte EGF-dependent DNA synthesis, phosphorylase a activity was found to remain unchanged by hypocalcemia. This observation was not unexpected as the Intracellular Calcium Concentration in Hypocalcemia 2165 0 ._ 0o CL to a vY S 'I activity of phophorylase a is known to be very sensitive to [Ca2+]i surges. It is therefore postulated that the enzyme most likely responded to the phenylephrine-induced initial rise in cytosolic Ca2" which was found to remain unchanged in hypocalcemia. Cell activity demanding more sustained calcium responses such as those involved in endogenous secretion may, on the other hand, be perturbed by hypocalcemia. Bile secretion, for example, has indeed been found to be stimulated in rats subjected to 1,25(OH)2D3 administration leading to normocalcemia when compared to animals kept in a state of D deficiency and hypocalcemia (47) .
The observation that the resting [Ca2+]i is sensitive to long standing hypocalcemia in hepatocytes, a cell type not considered as a classical target for the calcium regulating hormones, also raises the possibility that other cell types may be sensitive to the endocrine calcium/vitamin D status in vivo most particularly those cells responsive to PTH, 1,25(OH)2D3, and calcitonin. In conclusion, our data show that in unstimulated rat hepatocytes, the in vivo endocrine calcium status has a significant bearing on [Ca2+]i . This raises the possibility that a lower than normal [Ca2+]i may be linked, in calcium disorders, to inappropriate cell responses mediated through the calcium signaling pathway as illustrated, in the present studies, by the response to phenylephrine and EGF.
